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ABSTRACT ARTICLE HISTORY
In a piloted jet flame, the pilot flame has an effect of stabilizing the Received 18 January 2019
main flame. Detailed mechanisms of pilot flame/main flame interac-  Revised 4 September 2019

tion are however not well studied. It is expected that the pilot flame Accepted 21 September 2019

affects the main flame through the following mechanisms: (a) the KEYWORDS
pilot flame provides the heat and radicals to the reaction zone of the pilot; flame stabilization;
main flame, (b) the pilot flame prevents the cold ambient air from reaction rate; burning
being entrained into the main flame, and (c) the pilot flame modifies velocity; strain rate
the stretch rate of the main flame. In this paper, detailed numerical

simulations of piloted laminar methane/air jet flames are carried out

to elucidate the effect of pilot flame on the structure and burning

velocity of the main jet flame. One-dimensional (1D) freely propagat-

ing flame is also simulated to investigate the effect of hot gas mixing

with the unburned fuel/air mixture, and 1D counter-flow flame is

simulated to study the diffusion of the hot gas from the pilot flame

to the reaction zone of the main flame and the effect of flame stretch.

The results showed that heat transfer from the pilot flame to the

main flame has a more significant effect on the structures and

propagation of the main flame than the mass transfer from the

pilot flame to the main flame. The heat and mass transfer from the

pilot flame affects the local equivalence ratio and temperature of the

unburned mixture, which gives rise to a significant enhancement of

burning velocity. When the hot gas from the pilot flame is at suffi-

ciently high temperatures, an ultra-lean fuel/air mixture can burn at

equivalence ratio below the flammability limit. The reaction rate and

burning velocity of ultra fuel-lean flames are enhanced by the strain

rate, whereas for a main flame with the equivalence ratio closer to

that of pilot flame, the reactivity and burning velocity of the main

flame decrease with increasing strain rate.

Introduction

Pilot flames are frequently used to stabilize combustion process under challenging condi-
tions, for example, in gas turbine engines running at part load under lean premixed
conditions (Moéll, Lorstad, Bai 2016, 2018), or during the startup ignition period of
engine operation. In recent experiments of high speed jet premixed flames running at
high Karlovitz numbers, large pilot flames have been used to enable the stabilization of the
flames to the burners (Dunn, Masri, Bilger 2007; Dunn et al. 2009; Li et al. 2010; Skiba
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et al. 2016; Wabel, Skiba, Driscoll 2017; Zhou et al. 2015a). In some studies, the power
generated by the pilot flames are much greater than the power generated by the main
flame (Li et al. 2010; Zhou et al. 2015a, 2017b). A question is, how does pilot flame affect
the main flame?

It is expected that the pilot flame can affect the main flame through affecting the
turbulent flow (hence the wrinkling and stretching the flame), and through shielding
the main flame from cold ambient air entrainment. Dunn et al. (Dunn, Masri, Bilger
2007) investigated experimentally a lean premixed methane/air jet flame supported by
a stoichiometric pilot methane/air flame based on the Sydney University premixed
piloted jet burner (PPJB). They found that the pilot flame can delay the turbulence
generation, leading to the peak turbulence intensity shifting downstream. Furthermore,
it was also reported that the central jet was significantly influenced by the pilot flame at
relatively lower speed, e.g., at 50m/s, and the impact of pilot decreased gradually with
increasing jet velocity as the hot products from the pilot flame are mixed and cooled by
the cold ambient coflow at high jet velocity conditions (Dunn et al. 2009). Li et al. (Li
et al. 2010; Zhou et al. 2015a) reported the shielding effect of pilot flame in the Lund
University piloted jet (LUPJ]) flames. The central jet has a diameter of 2.2 mm whereas
the pilot flame burner has a diameter of 22 mm. It was shown that when the jet velocity
is at 150 m/s, the upper part of the flame is quenched due to the cold air entrainment to
the flame. By increasing the diameter of pilot flame burner from 22 mm to 61 mm, the
central jet flame can be stabilized at much higher jet velocity, e.g., at 330 m/s, without
observing flame quenching. Driscoll and colleges (Skiba et al. 2018, 2016; Wabel, Skiba,
Driscoll 2017) conducted a series experiments on the Michigan Hi-Pilot (High
Reynolds number-piloted flame) burner. They observed that a smaller pilot flame
could not shield the flame from ambient air; the cold air entrainment could signifi-
cantly affect the reaction layer downstream (Skiba et al. 2016).

Pilot flames with equivalence ratio close to unity can support the main flame with not only
hot gas but also radicals and fuels that are not completely oxidized, e.g., carbon monoxide
and hydrogen. These fuels and radicals can help the combustion of the fuel/air mixture of the
main flame when it is at ultra fuel-lean conditions, e.g. ® = 0.4 (Zhou et al. 2015a, 2017a),
a condition that is outside the lean flammability limit. This situation is similar to the double-
chamber gas engines where a fuel-rich combustion in a pre-chamber is used to support the
fuel-lean combustion in the main combustion chamber (Qin et al. 2018).

High Reynolds number jet flames without pilot flame stabilization are frequently lifted
off the burner rim (or even blown out when the jet speed is high enough). This is due to
the high local flame stretch rate and heat loss in the proximity of the burner. Wang et al.
(Wang et al. 2017b, 2017a) conducted a direct numerical simulation (DNS) on the LUP]
flame with @j; = 0.7, @pjjr = 0.9. It was shown that the gradient of temperature and
composition existing between the pilot and the main flame affected the inner flame
structure considerably in the near field. They reported that the local displacement speed
of the flame was negative near the burner exit - the reaction front was propagating to the
hot combustion products generated in the pilot flame, rather than conventional flame
propagation to the unburned mixture.

In summary, despite the wide use of pilot flames in academic fundamental studies and
industrial applications, detailed study on the interaction between pilot flames and main
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flames is rather rare. One may envisage that the following effects of pilot flames on the
main flame may be important: (a) supporting the main flame with the heat, incompletely
oxidized fuels, and radicals (back-support effect), (b) shielding the main flame from the
cold ambient air entrainment, (c) modifying the stretch rate of the main flame.
Furthermore, the pilot flame usually has a mixture close to stoichiometric, which may
improve the local equivalence ratio of the main jet flame when the main flame is running
at ultra fuel-lean conditions. By doing so the main flame is strengthened.

This paper is aimed at elucidating the mechanisms of pilot flame and main flame
interaction. The LUPJ flame is simulated using detailed chemical kinetics and transport
properties under laminar flame conditions with different main flame equivalence ratios.
The numerical simulations are supported by simultaneous multiple species planar laser-
induced fluorescence (PLIF) experiments. To investigate the effect of back-support and
flame stretch, detailed numerical simulations of one dimensional (1D) counter-flow flames
are considered. To scrutinize the effect of mixing the hot combustion products to the
unburned fuel/air mixtures of the main flame, 1D freely propagating flames are simulated
with different mixing ratios.

Experimental rig and numerical setup

Three cases of piloted laminar jet flame were studied experimentally with the simulta-
neous multi-species laser diagnostic method for the LUPJ flame burner configuration
(Wang et al. 2019; Zhou et al. 2015b). The experimental cases are considered in the
present numerical simulations. Table 1 lists the case setup and operating conditions.
The burner is made up of a central jet of the diameter of 1.5 mm and a coflow pilot
flame burner of the diameter of 61 mm. In the central jet, CH,/air mixtures at varying
equivalence ratios are injected with a constant speed Uj; = 11m/s into the surround-
ing hot gas from the pilot flame. The pilot flame has a constant equivalence ratio of
Q@pitor = 0.9 with a CHy/air mixture. The fuel/air mixtures in both the pilot burner and
the main jet are supplied with the unburned gas temperature of T, = 300K and at
atmospheric pressure. The fuel/air mixture from the pilot burner is supplied at a speed
of ~0.3m/s. The boundary condition of the pilot flame burner is set at the down-
stream of the pilot flame, i.e., at the exit of the pilot burner the gas mixture is assumed
to be that of the combustion product from the methane/air flame with @, = 0.9,
T, = 300K and atmospheric pressure. The hot gas velocity is U, = 1.8m/s, and the
hot gas temperature is 1800K. This temperature is taken from the experiments, which
is lower than the adiabatic flame temperature of the mixture due to the heat loss to the
burner. The mass fractions of species in the hot gas are obtained from the solution of
1D freely propagating flame for the mixture condition of the pilot flame. Table 1
shows the mass fractions of the major species in the hot gas.

Table 1. Case setup in the numerical simulations. T, = 300K, Tpi,: = 1800K for all cases.
Cases Qi Dpitr~ Sc|m/s] Yo, Y, Yo You Yo Vi, Yco, Yi,0
LU11-1.0 10 09 0.392
LU11-0.7 07 09 0311  236E2 0729 229E-3 17263 149E-4 661E-5 0.1328 0.1105

LU11-04 0.4 0.9 0.172
Lu11-07C 0.7 0.7 0.317 6.75E-2 0737 8.66E-5 4.52E-4 245E-5 3.14E-6 0.1071  0.0878
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A fourth case, LU11-0.7C, is simulated to investigate the effect of @,;,; on the main
flame. The boundary conditions at the pilot burner are set in the same way as that for the
three experimental flame cases, cf. Table 1. The temperature of the pilot flame is assumed
to be Tjir = 1800K as well. This temperature is about the adiabatic flame temperature of
the pilot flame. Since case LU11-0.7C has the same T, as that in case LU11-0.7, one can
distinguish the effect of pilot gas composition from the effect of the pilot gas temperature.

The 2D axisymmetric computational domain is based on the exact burner geometry in
experiments, which extends 50d (d = 1.5mm) in the axial direction downstream the
burner exit plane, and 50d in the radial direction as well. The central fuel jet is made
up of a straight pipe, ~ 304 in length, which is simulated to achieve a fully developed
laminar profile at the exit of the jet. Grid-sensitivity study was performed based on two
sets of grid, with, respectively, 0.5 million and 2 million mesh cells, corresponding to 5
and 10 cells in the reaction zone to resolve the laminar flame. As will be shown later the
two grids yield identical results.

The open source code OpenFOAM (Jasak 2009) was adopted to simulate the jet flame
with a 2D axisymmetric configuration. A second-order Gauss linear scheme is utilized for
the spatial discretization and the second-order backward Euler scheme is utilized for the
temporal integration. The pressure implicit with splitting of operator (PISO) algorithm is
used for the pressure-velocity coupling.

The 1D flame simulation was carried out using ANSYS CHEMKIN. Both 1D freely
propagating flame and 1D counter-flow flame configurations were considered to study the
pilot flame mixing effect and the strain rate effect. A chemical kinetic mechanism, known
as the DRM22 mechanism (Kazakov and Frenklach 1994), was employed in all the
calculations. The mechanism is a relatively detailed one consisting of 22 species and 104
reactions.

Structure of piloted laminar jet flames

Figure 1a shows the spatial distribution of CH,O, HCO and OH from the simulations and
experiments for case LU11-1.0. Previous studies have shown that CH,O can be used as
a marker of the preheat zone of the flame (Li et al. 2010), and HCO as a marker of the
reaction zone (Zhou et al. 2015a), whereas OH radicals exist in both the reaction zone and
in the hot gas. As seen from the PLIF signals, both CH,O and HCO are in rather thin
layers in the present flame, while OH are found in wider regions. The numerical simula-
tion replicates very well the spatial distributions of all these species observed in the
experiments. It is worth mentioning that in the proximity of the burner rim rather
weak PLIF signal intensity is detected in the experiments for all three species, which is
predicted qualitatively well in the simulations. At the upper half of the flame, OH is shown
to have its highest mass fraction in the numerical simulations, which is consistent with the
PLIF experiments. The OH PLIF signal at the flame tip is somewhat weaker than the peak
PLIF signal intensity, owing to the weaker laser intensity near the boundary of laser sheet.
This result is consistent with an earlier work (Hu et al. 2018) where it was shown that near
the burner rim the stretch rate is positive (under which the flame is weakened), whereas at
the flame tip the stretch rate is negative, which strengthens the flame with a higher
concentration of OH fields.
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Figure 1. (a) Spatial distribution of CH,0, HCO, and OH PLIF signal intensity and mass fractions of these
species from numerical simulation for case LU11-1.0, and spatial distributions of heat release rate (HRR)
and equivalence ratio (@) from numerical simulations for cases LU11-1.0 (b), LU11-0.7 (c), and LU11-0.4
(d). The white line represents the iso-line of ® = 0.99 in (b), 0.72 in (c), and 0.55 in (d), respectively,
while the green line represents the mixing ratio a = 0.001, nearly unaffected by the pilot flame. The
numerical results are based on the fine grid.

The mass fraction of CH,O for the case LU11-1.0 from numerical simulations using
different grids are compared with the experimental results, cf. Figure 2, for three axial
positions. The results from the two sets of grid are almost identical; thus, in the following
discussion the fine grid with 2 million cells will be used. The numerical results agree well
with the experimental data in the region with the high concentration of CH,O; however,
in the low concentration regions, there is certain discrepancy. In the experiments, certain
low level of CH,O is shown outside the flame region, which is likely due to the back-
ground noise. This can be confirmed in Figure 1a where CH,O PLIF signal outside the
narrow flame region is uniformly weak. For the same reason, certain low level of CH,O is
observed along the centerline of the flame, whereas in the numerical simulations CH,O on
the centerline is predicted only at the flame tip, i.e., r/d = 0,x/d~13.

Figure 1b-d shows the spatial distribution of heat release rate (HRR) and equiva-
lence ratio (@) from the simulations for the three experimental flame cases. The

1
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= 0.5 - -Refined
o - - exp.
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Figure 2. CH,0 mass fraction from numerical simulations and CH,O LIF signal intensity from measure-
ments along radial direction at three different axial positions for the LU11-1.0 case. The quantities are
normalized by their corresponding peak values.
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equivalence ratio is defined as @ = (2Y¢c/W¢ + 0.5Yy/Wy)/(Yo/Wo), where Y; is the
mass fraction of element i, and W; is the atomic weight of element i, where i = C, H,
and O. C and H are not only from the center jet stream but also from the pilot flame
stream. The white line is an isoline of @ that is chosen to cross over the flame tip (the
HRR zone on the centerline of the flame). It is clear that the equivalence ratio in the
unburned region (enclosed by the HRR layer) is no longer equal to that on the exit of
the center jet (®j.). Unlike idealized-premixed flames, the equivalence ratio across the
piloted-premixed flames varies due to the diffusion between the jet flow stream and the
coflow stream from the pilot flame. It is expected that without the pilot flame the
ambient air entrainment will affect the equivalence ratio in the unburned mixture as
well. This effect is referred here to as the pilot mixing effect. Since the main species in
the pilot flow stream are N, CO, and H,O, cf. Table 1, a pilot mixing ratio can be
defined as

= (Yn, — Yn,jer) /(YN pitot — YNy jet), (1)

where Yy, is the mass fraction of N, in the local mixture, and subscripts jet and pilot
denote the center jet stream and the pilot flow stream, respectively. The green line is an
isoline of & = 0.001, corresponding to a state that is nearly unaffected by the pilot. For the
cases studied, the reaction zones denoted by HRR have values much larger than 0.001
(away from green lines), indicating that the main flame is influenced by the pilot some-
how. In addition, the more differences of pilot equivalence ratio from that of the main
flame, the more significant the dilution effects.

Figure 3 shows the distribution of mass fractions of key species and the mixing ratio at
three flame heights along the radial direction (displayed as a function of @, since @

%107 %107 %1073
4 — x/d=5 A 1
- = x/d=10
o o /=18
o~ =
2 02 0.5
5 2,704 | I o
0 — 0 0
0.4 0.6 0.8 0.4 0.4
b
0.01 i 0.15 1
o |7 = x/d=10 }
S0 8] x/d=15] 0.1 4
(@) £ t\ oN // 305
O 0.005 2 9 3 ;
F. Y 0.05
7
0 v 0 0
0.4 0.6 0.8 0.4 0.6 0.8 0.4 0.6 0.8
@ i3 i3

Figure 3. Mass fractions of key species and the mixing ratio as a function of equivalence ratio at three
axial positions from numerical simulation for the case LU11-0.4.
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increases monotonically in the radial direction) for the case LU11-0.4. It is clear that the
mixing ratio («) is nearly a linear function of @. Since the mass fraction of HCO may be
used to denote the reaction zone, it appears that the reaction zone is around @ ~ 0.65,
where the mixing ratio is around a ~ 0.5, i.e., about 50% of the mass in the reaction zone
is from the pilot flame. As the axial distance to the burner increases, from x/d = 5 to 15,
the reaction zone is shifting to lower @; the peak values of HCO and OH decrease, while
the peak values of CH,O and CO increase.

The effect of pilot gas mixing on the structure of the flame is further explored by
comparing the cases LU11-0.7 and LU11-0.7C. The two cases have the same ®;,; but
different @,;,;. Since the case LU11-0.7C has the same equivalence ratio in the main jet
and the pilot, the mixing ratio defined earlier is not applicable. Instead, here we display
the results as a function of a reaction progress variable, defined as (Wang et al. 2017b),

¢ = (Yo, = Yo, jer) / (Yo, pitot — Y0, jet)- (2)

From Figure 4, it is shown that with @,;,; = 0.7 the reaction zone (indicated by HCO) is
around ¢~ 0.5 — 1, whereas for @p;;,; = 0.9 the reaction zone is shifted to lower c. The
peak mass fractions of CH,O, HCO, and OH increase along flame height; however, their
values are not strongly affected by the increase of @yis.

The global consumption speed, s¢, is calculated using the flame-cone-angle method,
which has a higher accuracy than the flame-area method (Hu et al. 2018). Table 1 lists the
values of s¢ for different cases from the numerical simulations. Comparing the cases
LU11-0.7 and LU11-0.7C, it is seen that sc is not sensitive to the value of @,;,;, which is
consistent with the species distribution in Figure 4.
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Figure 4. Mass fractions of CH,0O, HCO, and OH as a function of reaction progress variable (c) at three
different flame heights for the cases with ®j; = 0.7 and two pilot flame conditions, @pi,r = 0.9 (top)
and Qpj; = 0.7 (bottom).
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Effect of pilot mixing ratio on the structure and propagation of premixed
flames

In order to quantify the mixing effects of the pilot gas, 1D freely propagating laminar
flames are simulated under different pilot mixing ratios a. By assuming that the Lewis
numbers for all species are the same and the heat capacity is a constant, the inflow
condition is presumed as follows, by making use of the definition of « in Equation (3),

Yi = aYipiior + (1 — @) Yijer, T = aTpitor + (1 — &) Tjes- (3)

Here, subscript jet denotes the unburned fuel/air mixture before mixing with the gas from
the pilot flame. The species of the hot gas from the pilot flame is given in Table 1. H,
O and OH radicals in the hot gas are assumed to be absent due to recombination reactions
in the mixing process. The hot gas temperature is assumed to be 1800K, the same as those
used in the piloted jet flame studies discussed earlier, cf. Table 1.

Figure 5 shows the adiabatic flame temperature T,; and the laminar burning velocity
(Sp) for different mixing ratios and @;,;. It is shown that with an increasing mixing ratio,
Taq approaches to the pilot flame temperature. For @j; = 1.0, 0.9, and 0.7, as their
adiabatic flame temperatures are higher than 1800K which is the temperature of the
pilot gas, T,; decreases with increasing «. Despite the monotonic decrease of T,; with
a, S increases monotonically with «. When a>0.6 the increase of S, is accelerated,
indicating a possible change of combustion mode from laminar flame propagation to
ignition-assisted flame propagation. This will be discussed further below. For the case with
® = 0.4, the mixture can not be ignited without sufficient mixing with the pilot flame;
when « > 0.3 the mixture can be ignited and T,, increases rapidly with increasing a. The
laminar flame speed increases also very rapidly with « when a>0.6.

To understand the mechanisms of pilot flame mixing on the acceleration of the laminar
flame speed, Figure 6 displays the spatial distribution of mass fractions of CH, and OH
across the flame, along with the diffusion rate and reaction rate of CH4. With increasing «,
the unburned fuel/air mixture is diluted with hot gas from the pilot flame, leading to
a decreasing mass fraction of CHy in the unburned mixture, which results in a decreasing

4

-5 3=1.0
S 3=0.9
3 A $=0.7

$=0.4
-3 $=1.0,T=300K|
© =0.9,T=300K
-/ $=0.7,T=300K

S i [m/s]
N

0.2 0.4 0.6 0.8
a o

0.8

Figure 5. Adiabatic flame temperature and laminar flame speed under different mixing ratio a and
unburned fuel/air mixture equivalence ratio @k The equivalence ratio of the pilot flame is kept
constant as Qpjor = 0.9.
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diffusion rate of CHy to the reaction zone. The peak of OH mass fraction decreases with
increasing o due to the lower amount of fuel. Since the adiabatic flame temperature
decreases with increasing «, cf. Figure 5, a decreasing radical concentration and flame
temperature gives rise to a decreasing reaction rate, Figure 6. The laminar burning velocity
depends on the gradient of the fuel mass fraction (VYg), the diffusion rate (D) and the
reaction rate (w) of the fuel, and the density of the unburned mixture (p,), viz.,

1
P VYE

St (D + w). (4)

From Equation (4) and Figure 6 it appears that VY~ (1 —a), D~ (1 —«), and
w~ (1 — «), whereas 1/p, ~ (1 — &) + &(Tpitor/ Tjet). It appears that main reason that Sp
increases with increasing « is that the density of the unburned mixture decrease strongly
with increasing « since the temperature ratio is very large, Tyio;/Tjer ~ 6. The above
scaling shows a nearly linear increase of laminar burning velocity with «, which is
consistent with results shown in Figure 5 for moderately large a, e.g., « < 0.5. For higher
a, the temperature in the unburned mixture becomes so high that the mixture is under-
going self-ignition, and the propagation of the reaction zone is no longer a diffusion-
reaction controlled flame propagation, but rather an ignition-assisted flame propagation,
which can give rise to very high propagation speed. Specifically, the reaction rate becomes
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Figure 6. Axial distribution of mass fractions of CH, and OH radicals, diffusion and reaction rate of CH,
under different mixing ratio a with @j = 0.7 and Qpo; = 0.9.
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more significant in the “preheat” region (i.e. x < 0.45¢m), whereas the diffusion rate in the
region remains low. This is clearly evidenced in Figure 5, where dS; /da becomes very high
and the numerical simulation using Chemkin for the 1D flame configuration becomes
difficult to converge as « ~ 0.78.

The thermal effect of the pilot flame mixing is further verified in numerical simula-
tions of three “cold” pilot gas cases, in which the hot gas from the pilot flame is first
cooled to room temperature (300 K) and then mixes with the unburned fuel/air mixture.
The pilot flame gas composition is kept the same as the hot gas from the pilot flame
(with radicals removed). The results are shown in Figure 5, labeled by “T" = 300K“. The
case with @j,; = 0.4 is not shown since it is un-flammable. As shown in Figure 5 the
three flame cases with the temperature of unburned mixture T = 300K is flammable
only for very small a, i.e. «<0.3. The adiabatic flame temperature and S; decrease with
increasing a.

Effect of strain rate on the flame structures

To take the strain rate effects into consideration, 1D counter-flow flames are simulated
with a fresh fuel/air mixture stream (modeling the center fuel jet stream) counter-flowing
toward a hot gas stream (modeling the pilot flame stream). Table 2 lists the four counter-
flow flame cases (CF-0.4 to CF-0.7C). The jet stream and the pilot gas stream conditions
given in Table 1 are selected to be the boundary conditions for the counter-flow flame
cases, to allow the results comparable to the jet flame cases studied earlier.

Figure 7 shows the temperature and the mass fraction of HCO along the axial distance
x for different @j; and strain rates. For the case of @ = 0.4 and @p;;; = 0.9, Figure 7a, it
is shown that the mass fraction of HCO increases with increasing strain rate. The
temperature in the reaction zone is lower than that in the pilot flame stream; thus, an
increasing strain rate enhances the temperature gradient and the heat transfer from the
pilot flame stream to the reaction zone (which is indicated by HCO). The mass fraction of
OH radicals increases with the increasing strain rate as well, Figure 8. It appears that an
increasing of the strain rates pushes the reaction zone closer to the pilot flame stream that
provides the temperature and radicals (e.g. OH) for the combustion of the ultra-lean fuel/
air mixture from the fuel jet stream. As shown in Table 2, the fuel consumption speed (s¢)
for this ultra-lean case increases with the increasing strain rate, where s¢ is defined as:

1 “+0o0
sc=— J Wrdx, (5)
P, YFjet

—00

Table 2. Case setup for the 1D counter-flow flames and the laminar flame fuel consumption speed s¢
[m/s] at varying strain rates.

sc[m/s]
Cases Ojer Dpior Toitot [K] a=0 a = 400s~" a = 800s~" a = 1600s~"
CF-0.4 0.4 0.9 1800 - 0.096 0.116 0.131
CF-0.7 0.7 0.9 1800 0.191 0.186 0.175 0.151
CF-1.0 1.0 0.9 1800 0.376 0.297 0.265 0.149

CF-0.7C 0.7 0.7 1800 0.191 0.187 0.181 0.164
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Figure 7. Spatial distribution of temperature and mass fraction of HCO radicals across the flame under
different strain rates and equivalence ratios.
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Figure 8. Spatial distribution of mass fraction of OH radicals across the flame under different strain
rates and equivalence ratios.
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where subscript F denotes the fuel. s¢ is equivalent to Sy in 1D freely propagating flames.
The increase of the concentration OH radicals enhances the reaction rates, this being the
reason of increased fuel consumption speed.

For the higher @, cases, the mass fractions of HCO and OH decreases with increas-
ing strain rate, the case CF-1.0 being the most sensitive case to the strain rate. The
reason is that for the CF-1.0 case, the flame temperature is higher than the hot gas
temperature from the pilot flame stream; thus, increasing the strain rate leads to an
increasing transfer (thus loss) of heat and radicals to the pilot flame stream, which
results in a decrease of the reactivity. This gives rise to a decrease of the fuel consump-
tion speed, cf. Table 2. For the CF-0.7 case and the CF-0.7C case, the adiabatic flame
temperature is nearly the same as that of the hot gas temperature from the pilot flame
stream. Thus, the heat loss to the pilot flame stream is negligible. The effect of strain on
the flame is to enhance the heat and mass transfer from the flame to the unburned
mixture, which suppresses the reaction rate in the reaction zone as indicated by the
decreasing sc, Table 2, this eventually leading to flame extinction.

Case CF-0.7C differs from case CF-0.7 in the pilot gas composition. In the former
case the concentrations of CO, and H,O are lower than those in the latter case, which
gives a slightly higher flame temperature due to a lower heat capacity of the mixture.
This leads to a higher reactivity and a higher s¢ in the CF-0.7C case at the corresponding
given strain rate.

Conclusion

Numerical simulations of piloted laminar premixed methane/air jet flames were carried
out to investigate the effects of pilot flame on the structure and burning velocity of the
main flames. The pilot flame was shown to have a significant effect on the main flame. The
pilot flame affects the main flame through mixing the hot gas to the reaction zone of the
main flame and by preventing the cold ambient air entrainment into the main flame. The
main findings are summarized as follows:

(i) The reaction zone of the piloted jet flame is in the mixing layer of the main jet and
the hot coflow from the pilot flame. The equivalence ratio in the reaction zone can be
significantly higher than that in the fuel/air mixture of the main flame, especially for the
main flame that has a much lower equivalence ratio than that of the pilot flame. This
explains the sustained ultra fuel-lean main flame (with an equivalence ratio of 0.4, which is
below the lean flammability limit) by the pilot flame with an equivalence ratio of 0.9.

(ii) The burning velocity of the main flame is insensitive to the hot gas composition
from the pilot flame, indicating that the heat transfer from the pilot flame to the main
flame has a more significant impact on the main flame than the transfer of the radicals and
combustion intermediates (such as CO and H,) from the pilot flame to the main flame.
For a given pilot gas temperature of 1800K, when the pilot flame equivalence ratio is
varied from 0.9 to 0.7, the mass fractions of OH and O radicals in the hot gas from the
pilot flame are decreased 4-5 folds, and the mass fractions of CO and H, are decreased
about 20 times. The global fuel consumption speed of the main flame (with an equivalence
ratio of 0.7) remains however nearly constant, with a minor variation from 0.311m/s
to 0.317m/s.
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(iii) Detailed numerical simulations were carried out under one-dimensional planar
unstretched flame configuration for conditions relevant to that of the piloted jet flames. It
was found that mixing between the hot gas and the fuel/air mixture of the main flame can
significantly increase the burning velocity, which is due to the significant decrease in the
mixture density and the gradient of fuel mass fraction, while not due to the increased
reaction rate or the diffusion rate. In fact, the chemical reaction rate and the diffusion rate
are lower in the fuel/air/hot gas mixture than that of the pure fuel/air mixture.

(iv) The stretch rate affects the flame in different ways. When the main flame is ultra-
lean, e.g., below the flammability limit, the reactivity and burning velocity of the main
flame are both enhanced by the increasing strain rate. The increasing strain rate enhances
the mixing of the hot gas from the pilot flame to the main flame. When the main flame
and the pilot flame have a similar equivalence ratio, the reactivity and burning velocity of
the main flame decrease with the strain rate. The sensitivity to the strain rate is higher
when the flame temperature is higher than the pilot flame temperature.
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